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AZRODYHAIIC GHARACTERISTICS ILCLUDING SCALE EFFEGL

OF SEVERAL WINGS AND BODIES ALONE AND IN
COUBINATION AT A iliCH [UIBER OF 1,53
By Milton D. Van Dyke

SUIGIARY

An investigation was conducted to evaluate the inter—
actlon of wing and body at supersonic speed. Thret. wing .
models of straight and sweptback plan form and three related
bodies of revolution were tested separately and in all.
possible wing-body combinations.  Lift, drag, and pitching

.'mSmeﬂt‘were measursd at 1.53% llach number through a range of
Reynolds numbers. The results of the investigation and a
discussion of the experimental technlgque are presented.

Up to the limits of the investigatlion, the aerocdynamic
charasﬁeristiss of the models tested were found to be,
for the Wings, indenendent of Bcale beyond one-half million
-Reynolds numbexr ané, for the sharp-nose bodies, nearly
1nde§endent of ‘'scale beyond Reynolds numbers of three or.
“féﬁr ﬁillions. Beyond these values, the supersonic
aerodynamic characteristics of the models . tested can;:
wifh 8 fsw eXceﬁtions, be closely. predicted whenever .

- . . r
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theory exists.

It was found that fhe effect of interaction 1s such that
the portion of wing areas blanketed by the body should be
considered completely effective aerodynamically in estlmating
the 1ift and drag of a comblnation, Thils rule probably fails
1f the wing 1s close t§ the_base of the body, or if the wing

span is small compared with the body dlamefer.
INTRODUCTION

The problem of estimating the interaction between elmple
aerddynamic shapes in combination has, at subsonic speeds,‘
been the subject of both theoretical and experimental investi-
gation, This same problem at supersonic speeds now confronts
both the aircraft designer, whq must comblne the characteristiocs
of separafe'aircraft élements, and the wind-tunnel investigator,
who must know to what extent he 1s justified in breaking down
a general research investigation into studles of individual
components.

Existing supersonic theory permits the prediction, at
least approximately, of the aerodynamic characteristics of
certain simple shgpes such as rectangular wings and pointed
bodies of revolution, The limited amount of experimental
evidence now avallable confirms, with certain exceptlons, the
validity of present theory. However, no theory treating
combinations of these baslc forms has yet been advanced, and
virtually no experimental results 1lluminate this problem.

CONFIDENTIAL
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An example of the consequent state of ignorance is the
current uncertalnty as to whether the area of wing blanketed
by the body should be cnonsidered in estimating the supersonic
performance 2f a wing-body combination, as is common in the
subsonic case,

To provide information on the interaction of wings and
bodies at supersonic speeds was the alm of the present
investigation. lieasurements were made at 1.53 Mach number of
the 1lirft, drag, and pitching-moment characteristics of
several wings and bodles and the resulting combinations.
Models were chosen to bring out possible variastions of sero-
dynamic characteristics resulting from modifications of wing
plan form or of body contour., Moreover, the models were
chosen similar %o possible designs of supecrsonic aircraft so
that the results might be of direct application. Variation
of tunnel pressure provided a range of test Reynolds numbers
to give an insight into the effects of scale.

In the present report, the results for the wings and
bodies of revolution alone are first analyzed in comparison
with existing theory. Following that, the effect of combining
these basic forms is discussed, and simple empirical rules
are derived for estimating the characteristics of a combi-
nation from those of its components., An attempt is made to
explain the physical besls for these rules, and certain limit-

atlons to their validity are suggested.
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APPARATUS AND METHODS
Tunnel

The investigatlion was conducted in the Ames 1- by 3-foo%b
supersonic wind %unnel No., 1, Thils is a varlable-pressure
tunnel fitted ftemporarily with a fixed two-dimensional-flow
nozzle designed to provide a uniform lach number of 1.5 in a
1- by 23-foot rectangular test section.

The tunnel is powered by synchronous electric motors which
drive four three-stage centrifugal comprescors at a meximum
rated load of 10,000 horsepower in continuous operation. The
level of total pressure in the tunnel ca&n be maintained aﬁto—
matically at any selected value from a minimum of 2 pounds per
squere inch to a maximum, at the present lach number, of 25
pounds per square inch, Humidlty of the air can be reduced
to a low value by repeatedly evacuating the tunnel and reflilling

it with dry air from & supply tank.

Instrumentation

1ift, 8rag, and pltching moment of three-dimensional
models are measured by an electric straln-gage balance.
Figure 1 ehows the general arrangement of the balance inside
the tunnel test sectlion. Figure 2 1s a schematic drawing of
the balance mechanism. A beam carrying the mndel on a sting
ls mounted inslide a housing that 1s Supported by a strut
spanning the tunnel downstream of the Ttest section. Five
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constant-stress cantilever springs constrain the streamwlse
and vertical motion of the beam relative T2 the housing,
Additional restraintes limlit its rolling and transverse
movement., FEach of the five springs carries four strain-

gage windings which are connected in a "heatstone-bridge
circult, and a constant electromotive force from a direct
current power supply 1s impressed upon the circult. Under
static conditions each circuit is electrically balanced.,
Aeroydnamic forces transmitted from the model to the spring
unbalance the circuit, and the asmount of unbalance is measured
on a light-beam galvanometer. The gelvanometer readings are
directly proportional to the forces, the constants of propor-
tionality being determined by static calibration.

A single strain-gage unit measures the component of force
parallel to the beam while readings of the other two pairs of
units are combined electrically to give the force perpendic—
ular to the team and the pitching moment acting about an
arbitrarily fixed point., From these three quantities the
1ift, drag, and pitching moment acting on the model are
calculated. The peam is electrically insulated from tThe
housing, and fouling between the bsam and the rest of the
balance 1s indicated by an ohmmeter. The forward section of
the housing which contains the balance beam can be rotated
through +5° in piltch to vary the angle of attack of the
mndel. The pivot is behind the model, so that angle-of-
attack changes involve vertical displacement of the model,

CONFIDENTIAL
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as shown in figure 1,

The sting supporting the model is completely enclosed by
e shroud that extends from the front of Tthe balance housing
to within 1/32-inch of the model base. Shrouding serves
primarily to eliminate all aerodynamic tare forces upon the
ating. Furthermore, the entire interior 27 the balance 1is
maintained at the base pressure of the model, s2 that base
pressure readings can be obtained simply by messuring the
pressure inslde the housing.

The tunnel test section is fitted with 1-1/4-inch thick,
18-inch-dlameter optically ground plate-glass windows. A
schlieren apparatus permlts observatlion of the flow firld about
the models. The system consists of a light source; two 18-inch-
diameter spherical mirrors of 120-inch focal length, an adjust-
able knife edge, and a combination camera and vliewlng screen,

A 1000-~watt high-pressure mercury-vapor lamp provides cither
continuous l1lllumination for visual observation or a single
intense flash of approximately 6 mlcroscconds duration for
high-speed photography.

Pressure measurements required in reducing the force
data to coefflcient form a&re observed ~n a multiple-tube
mercury mansmebter, Included are the Ttotsl pressure upstream
of the test sectlon, which is used ln computing dynamic
pressure, and the static pressures at the tcst scction and insido
the balance, both of which enter ints basc drag calculatlons,

Specific humidity of the air in the tunnel is detcrmined
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by using a standard Burecau of Mines dewpoint apparatus, In
this device & stream of the sample air is directed against

& pnlished metal mirror which 1s cooled by evaporatinn of
bottled carbon dioxlde. Readings are made of the pressure
and temperature at which formation of dew commences at the
center of the mirror. When the tunnel total pressure 1s less:
than atmospheric, tunnel air is drawn through the dewpoint

anpparatus by & vacuum pump.
Hodels

A photograph of the wings and bodies investigated is -
shown in figure 3%. All pertinent dimensions of the models
are given in figure 4.

Thrce related bodieg of rcvolution were investigated.
These ere referrcd to as the "basic,!" the "blunt," and the
"bulbous" bodlies. As the names suggest, the latter two
shapes represcnt modifications of the first. The basic
body had a sharp conical nnse of 2c° semiangle followed by
an ogival transition to a cylindrical midportion. It was
mnoderately boat-telled, and had an over-all fineness ratilo
of seven. The blunt body waes 1ldentical with the basic body,
except that the pninted nose was rounded off to a 1/8-inch
radius, This was doné to ascertaliln the poseible effects of a
strong bow wave intersectling the wing of a combination. The
bulbous body had the same ogival head as the basic body, but
the rear portion was undercut. This was done to ascertain
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the possible effects of pronounced bondy curvature at the wing
root of a combination. The bodies were carefully machined
from steel and highly polished. They were built up »f two
pleces plus a filler plate, as shown in figure 3.

Two wing plan forms were investigated. These are referred
to as the "straight" and the 'sweptback! plan forms. Both had
a taper ratio of two to one, an aspect ratio of four, and the
same area. The sweptback plan form can be visualized as being
derived from the straight plan form by shearing in the stream—
wlse directinn untll the midchord line has been rotated through
359. The leading edge 1s then swept back approximately 41° and,
at the HMach number of this investigatinon, lies ahead of the
Mach' cone springing from its apex. Wing tips were cut off
parallel to the flight direction.

It was anticipated that this investigation might show
"the portinon of wing area blanketed by a body to be only
partially effectlve aerodynamically. Thus it was expected
that when these bodies and wings were combined, the combination
might carry 1ift and drag forces smaller than the sums of the
forces on 1lts components. The extent of this possible ineffec-—
tiveness onuld be determined experimentally by testing in
combination another wing model which has the effect of adding
the orlginal plan form entirely outside — rather than through —
the bodies. This was done only with the straight plan form
and, to simplify the model, in combination only with the basioc
and blunt bodies.

CONFIDENTIAL
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Acecordingly three wing models were constructed: one each
of stralght and sweptback plan form, and a third, comprising
the straight plan form divided at its center by the maximum
tody diameter, to be tested only in combination. All three
winges were of Bb-percent-thick section In the streamwise
direction. In alil cases an isosceles triangular profile was
chosen for the wings. This is a representative section known
to have gond aerondynamic characteristics at supersonic speeds
and, in addition, was easy to construct. Angles of attack
are referred to the flat lower surface. The models were
machined from heat-treated tool steel. Leading and trailing
'edges were ground to a thickness of iess than 0.002 inch,.

When tested alnne, the first two wings were clamped in
a small conical filtting, shown in figure 3, whnich was mounted
at the end of a sting. To form a wing-body combination, the
filler plate of the bodies was removed and replaced by any one
of the wings. When assembled, the wing was at zero angle of
incidence with respect to the axis of the body. Three typical
wing-body combinations are sketcked in figure 5. All screw
holes and gaps were filled with bceswax and finished smosth
prior to testing. Sting lengths for the mndels were 8o chosen
that a wing, when tested in combination, occupied the same
streamwlse location in the test section as when tested alone,

In order to increase the range of positlive angles of
attack, all models were set on Thelr stings at an initisl
angle of 32°, The available balance renge of +5° then

CONFIDENTIAL
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provided nominal angles of attack for models of from -2 %o g9,

Photographs of typical model installations are shown 1n figure 6.
Tunnel Calibratinon

Certain results nbtained in calibrating the tunnel are
essential to an understanding of the investigation. They will
be mentioned here insofar as they concern the present tests.

Chief among these results is the determination of the
effect of humidity. It has been found that the quantitles
associlated with the flow in the test section - total pressure,
static pressure, dynamic pressure, and lech number - vary
with the amount of molsture in the stream. Valuss of the aero-
dynemic crnefficients of models tested, however, appear to be
independent of humidity below a value of approximately O.00LL
pound of water per pound of air provided the variation of the
flow quantities is teken int» account in the reduction of the
data, The specific humidity was maintalned below 0.0008 in
the present investigation.

The Mach number in the test section, in addition to varyling
with humidity, was found in the calibratlon to depend slightly
upon tunnel total pressure. In this investigation, the Uach
number at the position of the wings varled because of the
combined effects of humidity and tunnel pressure between
extremes of 1,525 and 1,545, lying ordinarily close to 1.530,

The streamwise static-pressure gradient in the test
gection amnunts to l% percent of the dynamic pressure over the
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length of the bodies. The corresponding correction to drag,
estimated as a simple buoyancy effect, is nsgligible in every
case. The pressure gradlent across the tunnel was found to

be nil, and that in the vertical direction negligibly small,
Stream angularity wes shown by the usual procedure of inverting

a wing model to be zero within the accuracy of measurement,

RESULTS

Ronge of Tests

Each medel was tesfted aft nominal angles of attack ranging
by increments of 2° from -2°to &°, Heasurements of 1if%,drag,
and pitching moment, together with base-pressure readings and
other supplementary observations,were made at five values of
tunnel total pressure. These pressures &nd the corresponding

values of Reynonlds number for wings and bodies are as follows:

Tunnel total pressure Reynolds number fo2r Reynolds number for

(1b/sq in) bodies (miliions) wings (millions)
3 0.55 0.12
6 1.1 .ilp
12 2. s
18 3.1 .66
25 o .90

Selected schlleren photographs were alsgo taken.

Data for the wings and combinations at high angles of
attack and at the larger Reynolds numbers were limited by
fouling of the model or sting agrinst the shroud. All the
results presented are free of fouling.
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ost of the moment data were found to be useless because
of excesslve zero shifts, and were discarded. After this
defect was remedied, moment readings were erroneous above
mly mnderate values of 1ift tecause the balance beam brushed
against an electrical lead. Only the moment readings were
invalidated, the disturbence t» the 1lift and drag being
negligible. Because of these difficulties, the reliable

pitching-moment results are fragmentary.
3chlieren Photographs

The character of the flow about the models is illustrated
by typical schlieren pictures in figure 7. The upper photo-
graph shows the bulbous body at zero angle of attack, while
in the lower photograph the stralght wing has been added.

Both plctures were taken at a tunnel pressuvre of 18 pounds

per square inch wlth an exposure time of a few microseconds.

The knife_edge of the schlieren apparatus was perpendiculsar

tn the flow direction and oriented s» that regions of increasing
density in the streamwise direction appear dark.

In the upper plcture the principal shock waves caused by
the model are, from left to right, the bow wave, a compression
shock from the neck of the body, and the trailing shock behind
the base, T2llnwed by a strong shnck wave from the conical head
of the balance housing., The intersection of each of these
shock waves with the boundary layer on the glses side wall
appears as a wavy hyperbolic line. The wake 18 seen to converge

CONFIDENTTIAL
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behind the base of the body and flow turbulently along the
ghroud and balance housing. In the lower plcture two
additional shock waves spring from the leading and treiiing
edges of Tthe wing.

The two shock waves cutting across those from the model
are known to originate from a slight imperfectlon in machining

the top and bottom walls of the tunnel.. They fall downstream

of all models and are known 10 bé weak, so that they should

not affect the results. The mottled appearance df the back-
ground is believed to result from turbulence of the boundary

layer on the glasgs windows.
Aerodynamic Force Data

" All force meéasurements are presented in the form of
1ift, drag, and pitching-moment coefficients. To obtain these

results balance readings were multiplied by previously deter-

mined calibration consgtants to give the forces parallel and

perpendicular to thebalance beam and the pitching moment
actiﬂg-about the arbltrary reference axis. From these values

and from the angle and position of the model relative to the

.beam, the 1ift, 8rag, and pitching moment of the model itself

At

were calculated.,  Thess quantities were converted to coeffli-
cient form through division by appropriate reference dimenslons

and by the dynamic pressure calculated from
- _
= (1+ ) 1y (1)
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where

a dynamic pressure at the model

v adiabatic exponent for air, taken to be 1.40

i Mach number at the model o

H total pressure at the model B

The proper vslue of H 1is slightly less than the value ﬁ'

measured upstream in the low-speed section of the tunnel. | The

ratio H/H! has been determined experimentally as a function

of specific humidlty. Its value during this investigation '

(1.e., for specific humidity below O, OOOS) lay alwavs between

0.99 and 1.00, and was taken to be unity. ( ST |
Coefficients for Tthe bodies aloneé are referred here to

the frontal ares, snd moments are taken about the base with

the body length as reference. Coefficients for the wings and
wing-body combinations are referred to the wing plan form o
area, moments being taken about.the oentroid_of the plan form“
with the mean geometric chord as reference length, Thus in
combinations involving the divided straight wing the referenoe_
area 1ls entirely nutside the body, while 1n every other oase
the reference area extends through the body. In this W&J
coefficlents for all the wings and combfnstions are referred
to .a common area which permits direct quantltative oomparison
of the results. Values of Reynolds number are based upnn the
total length for bodles and upon the mean geometric chord of
'the plan form for wings. ‘

Values given for total drag of bodlies and combinations do
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not necessarily apply to the models in free flight. No atteupt
was made To correct drags for the unknown effects o»f support
interference. Independent tests indicate that these effects
are a complicated function of the size and position of the
model relative to the support, the shepe of the model, and the
Reynnlds number. The effects are, however, confined mostly to
the rearward portion of a model and are felt principally &as a
change in base pressure.

For this reason,and because base pressures cannot be pre-
dicted by theory,data are also presented for the total measured
drags minus the base drags. The result is termed the "fore'
drag., Base drags were calculated by multiplylng the bose area
by the difference between free-stream static pressure and
measured base pressure. ‘Other investigations (reference 1)
have shown that the pressure is constant over the base. Values
of fore drag are believed to be relatively unaffected by suppxrt
interference, and can be compared directly with theory.

Because all the stings were shrouded, nn tare forces
exist except for thnse »n the small conical fitting used to
gupport the wings. In an attempt to deftermine the magnitude
of these forces, an eculvalent dumny fitting was tested alone,
The results which are shown in figure & for the highest value
of Reynolds number are representative of those at other
valucs. The coefficients are rcferrcd to2 the dimensions of
the wings, and pitching moments are taken about the reference
axis for the straight wing. Lift and moment wcre seen to be
negligible compared with the 1ifts and mmments experienced

CONFIDENTIAL



16 CONFIDENTIAL NACA RUY No. AFK22

by the wings and combinations. Drag ls appreclable, however,
and was accordingly subtracted as an aerodynamic tare from the

measured drags »f the wings plus Tthe fitting.
Precision

The accuracy of the results can be cstimated by considering
in turn the uncertainty linvolived in determining angle of attack,
in computing dynamlic pressure, and in measuring forces wlth
the strain-gage balance.

Zern angle of attack for each model was measured under
static conditions by means of a dial indicator and a carefully
leveled surface plate inslde the test section, and 1ls accurate
to within i0.05°° Other angles were obtalned by cranking the
bslance angle-of-attack mechanism always in the same sgense té
eliminate backlash and reading & counter to the nearest 0.0lo;
hence no additional error was lntroduced, PFlnally, all angles
of attack werc corrected for defliection of the support system
under aerodynamic load. The deflectlions were calculeted from
the measurcd values of 1lift uslng elastic constants previously
determined for the syestem by loading each model statically
-at its center of pressure. The calculated deflections agreed
well with those observed directly with a telescope
during the tests and should not be in error by more than -_3:0.05'3
even at the highest 1ift. Accordingly, the over-all uncertainty
in angle of attack is believed to be never greater than 0.1 .,

Calculated values o»f dynamic pressure are subject to
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three known sources of error, First ls the uncertainty in
total-pressure readings, which are belleved to be accurate

to within +1 millimeter of mercury. The corresponding uncer-
tainty in dynamic pressure amounts t5 less than 1 percent at
the lowest tunnel pressure, and falls to less than one-tenth
of 1 percent at the highest pressure. 8Second, no correctinn
was applied for the decrease in total pressure along the
tunnel from the point of measurement to the model position,
which the tunnel calibration showed Tto result from condensa-—
tion of water vapor. Values of dynamic pressure may, on this
account, be low by as much as 0,9 percent. Finally,

equation (1) relating total pressure and dynamic pressure
involves a knowledge of the test liach number. The expression,
however, is near &a maximum with respect to M at the present
value of approximately 1.53, and is consequently insensitive
to small errors in the determination of Mach number,

Repeated calibration of the strain-gage balance during
the course of the investigation showed fluctuations in the
calibration constants of less than one-half of 1 percent
over a perliod of several months, Calibration constahts were
found to be entirely unaffected by the extremes of pressure
and temperature to which the inferior of the balance is
subjected in the course of a run., The zero readings, on the
other hand, shifted over a wide range with changes in fTemper-
ature. The varlations could, however, be correlated with
readings of thermocouples at the strain gages. The remaining
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uncertaeinty in zero readings lntroduces small errors at the
low values of Reynnlds number, where the tunnel pressure and
hence the forces on the models are small, At higher Reynnlds
numbers, however, which involve high tunnel pressures and
large forces, the uncertainty in zero readinge is usually
unimportant.

At high values of 1i1ft, a further correction to the drag
was necessary because 11t and drag are not completely
independent. The strain-gage springs deflect under load,
the balance beam rotates slightly, and a small component of
the 1ift acts upon the drag gege. Although small, this
correction repeats poorly, introducing a maximum uncertainty
of less than £0,002 into the drag coefficients of any model.

All coefficlents are presented as 1f the test lMach number
were constent. Actually its value fluctuated with tunnel
pressure and humidity between the limits previously gilven,
and the aerodynamic coefflcients varied accordingly. To a

first approximatinn, coefficients for wings are theoretically
1

proportional to (#® — 1)—§, and hence deviate from the mecan
by as much as =1 percent. C(Coefficients for bodies of revol-
ution ere according tn linear theory much less reeponsive to
slight variati~ns in test Mech number,

The following table lists the totel uncertalnty introduced
into each ooefficieht by errors in. determining dynamioc pressure,
by errors in measuring forces with the balance, and by
fluctuation of test Mach number. Values are listed for the
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lowest and highest values of Reynolds number and vary linearly

between these extremes.

Uncertainty av Uncertainty at
lowest Reynolds highest Reynolds
Coefficient number number
Bndy of revolution
1ift +0,1 +0,03
drag +.03 +=,01
piftching moment +,2 +:03
Wing or combination
1ift + .02 +.,01
drag *,006 +.,00U
pitching moment +,08 +,02

Inspection of the data indicates that experimental scatster
lies generally within these limits.

The possible exlstence of nonrepeating errors resulting
from unknown or uncontrollable causes, such as balance
frictinn, was investigated by making repeated tests of
geversl models. The basic body was tested twice, and the
straight wing was tested at the start, the middle, and the
end of the investigstion. It is gratifying to see that all
discrepancies between repeated runs lie within the limits of
uncertalnty prescribed above. Thus it is concluded that no

appreciable source of error remains unaccounted for,

DISCUSSION

The results for wings and bodies alone will first be
analyzed in detall in comparison with existing theory. This
1s done not only to establish a firm basis for the subsequent
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digcussion of wing-body combinationeg, but also because data
for these elementary aerodynamic shapes are of interest in
themselves, particularly insofar as they clarify the effects
of scale at supersonic speeds. Following this analysis of the
geparate wings and bodies the main objJective of the investi-
gation - an evaluation of wing-body interaction - will be

dlscussed.

Bodies

Comnarable theory.-~ Experimental results for the three

bodlies of revolutlion can be compared with values predicted by
the theoretical solutions of von Kdrman and Moore for wave

drag (reference 2) and of Tsien for 1lift snd pitching moment
(reference 3). These are linearized solutions which yleld only
first approximstions to the actual aerqdynamic characteristics.
Both methods involve a stepwige solution which was carried

~ut for the basic and bulbous bodies using 1Y and 18 integration
stationg, respectively. The methods gre nnt applicable to the
blunt body. The ectual computing procedure employed was that
af reference Y. The resulting pressure distributions are
presented as a matter of interest in figure 9. For the bulbous
bndy the pressure distribution at zero angle of attack was
calculated over the head only, because pressures along the
cylindrical shank exert no net force. The pressure ca the
conlcal noge gilven by the mathematically exact theory of

Taylor and Maccoll (reference 5) 1s also shown to indicate the
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degree of approximation involved in the linear theory.

Lift .~ Figure 10 presents the 1ift characteristics of
the three bodies of revolution. Lift coefficient is plotted
versus angle of atftack at five values of Reynolds nurmber.

For comparison the theoretical variation is also shown by
& dashed line for the basic and bulbous bodies.

The bodles, being sxially symmebtrical, should of course
show vanishing 1ift at zero angle of attack. Thelr consistent
failure to do g0 can be attributed only to errors in force
measurement, probably a result of the remaining uncertainty
in balance zero shift with temperature. In general, the
discrepancy lies inside the limits of error listed previously.

For all three bodies, 1ift coefficient increases at
first linearly with angle of attack, as the simple theory
indicates; only above 6° angle of attack do the experimental
values of 1ift begin to rise more rapidly. Analogy to the
cage of airfolls suggests that such an upward curvature might
be predicted by a theory more refined than the first-order
treetment employed. However, the departure from linearity
is here so abrupt that it is more 1likely the result of
another cause, perhaps flow separation. Tsien notes
(reference 3) that in the event of séparation the 1ift will
increase at greater than a linear rate.

Experimental values of lift-curve slope depend upon
Reynolds number, as shown in figure 1l. For each body
lift-curve slope is seen to fall initially wlth lincreasing
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Reynolds number, remaining nearly constant beyond about three
millions. This condtant value 1s, for the baslic body, equal
to thet predicted by theory. élunting.the nosge inoreases The
slope at high Reynolds numbers. TFor the bulbous body the final
constant value of lift-curve slope 1s ¢ onslderably less than
theory, and is about equal to that for the basic shape, The
reason for this may be in part that the effectlve shape of
the bulbous body approaches that of the besic body. Schlleren
observation indicates that the flow departs from the surface
of the bulbous body Jjust beyond the point of maximum thickness,
probably as a result of laminar separatinn. In figure 7(a)
this effect is evident from the thin dark line on the top of
the body. It carnot be observed on the bottom, probably
because of insufficient optical sensitivity; but the attendant
"catwhisxer' shock wave, which merks its beginning, is clcarly
evident. The separation apparently starts slightly ahead of
the theoretical adverse pressure gradient shown in figure 9.

Drag.—~ In figure 12 the total-drag and fore—drag coeffi-
clents of each body are plotted versus angle of attack.
Theoretical values are also shown for the basic and bulbous
bodiss., No theory is shown for the blunt body since the method
is inapplicable.

Consider first the general effects of scals upon drag.
It is seen that total-dreg coefficlents of all three bodles
exhibit large variations with Reynolds number. Comparison
with the corresponding fore-drag cocfficients makes 1t evident
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that thls is the result largely of scale effect upon base
pressure. However, considerable scale effect upon fore
drag remalins. The remalning effect is much too grest to be
attributed to changes in skin friction, 1f. Incogpressible
values of skin-friction coefficient are assumed. This.
assumption appears to be Jjustified by the results of
references 6 and 7, |

In the case of the bulbous body, the variation of fore
dreg with Reynolds number can probably be ascribed to the
”flcw separétion which was seen 0 occur near the ﬁoint of
maximum thickness. Independent tests suggest That Fhe
extent of separatlon varies markedly with scale, although
schlieren bhotographs, which might confirm this_for.the”
bulbous body, are not availlable throughout the range off
Reynolds number. Consideration of the theoretical pressure
distribution indicates that the experimental variation of
fore drag 1s less than the change which wouldx‘eéult if the

‘flow separated.fahgentially at the point of. maximum
thickness. Only partial progression with Reynolds number
between separated and unseparated flow is thus sufficient
to account duantitatively for the observed change in fore
arag.

No separation was observed which might account for the
effects of scale upon the fore drags of the other twé bodies,
It is likely, however, that variation of ppessure_at'the rear
of =& b;dy ls not confined solely to the flat base, but is
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transmitted-somg distance upstream through the boundary

layer.. The basic and blunt bodies are boat-tailed, so that
such aTvariatiqn_would exerf'é resultant force in the drag
directinsn. The magnitude oflthis force has been estimated

" the assumption that the base pressure acts undiminished over
the entire boat—tail'and has been found ‘to more than acéount
f»r thé observed changés in fore drag. No explanation is known
for the fact that fore drag exhibits a much greater scale
effect.for the blunt body than for the basic body.

It is evident from figures 12{e) ana 12(c) that the rate
of increase of drag coefficient with angle of attack is under—
eé%imaﬁed-by thedry. The égreement improves_asJRéynoi&s number
' 1s increased, but even at the upper ‘limit of the investi-
‘gation.the fore drags »f the basic and bulbous bodies
increase several times faster than the theooretical pfediction.

Consider now the particular case of minimum drag.
”Figure 13 sghows the effects of scale upn minimum'drag
ooefficients. of the three bodies. Both minimum fore drag
and minimum total drag are seen to increasc with Re&nolds
" number. MNearly constant values are attained for the basic
"Body”at a Reynoldé_numbér of three millions, gﬁd.aﬁparently
8ls5d -for- the bulbous body at the highgst tesf-value. Minimum
drags of the blunt body continue t9.rise up to the limit of the
investigation, “Bluntiﬁg thé-baSiC"body.inofeasés both minimum
fore drag and miniﬁum total drag, except at the lowest
Reynnlds number., This one exception appears so unlikely that

CONFIDENTIAL



HACGA R No, AGK22 CONFIDENTIAL 25

it musé be presumed to be due to experimental error, lying as
1t does just inside the limits of uncertainty listed
previousl&. |

Also shown for the basic and bulbous bodies in figure 13
are the theoretical values of fore drag, consisting of the
theoretical wave drag plus the skin-friction drags for both
laminar and turbulent flow. Values of skin-friction coeffi-
cients were éséumed appropriéte fo-inccmpressible flow,
At low Reynolds numbers, minimum fore-drag coefficients are
seen to fall belOW'éithef theory. "As discuseed previnusly,
this discrepahcy results from separation in the .case of the
Eﬁlbous”boéy, and from high base pressures acting through
the thick boundéry layer to increase the pressures over the
boat-tall in tﬁé case of the basic body, At higher Reynolds
numbérs, howevef;'eiberimental'Valueé of minimum fore drag
lie-between the narrow limits of theory modified for laminar
and turbulent skin friction, In view of the approximate
nature of the theory, such close agreement is perhaps
fortuitous. | |

Pitching moment.-— Reliable moment data were obtained

only for the basic body. These are presented 'in figure 14

togefher with the prediction of linear theory. It is seen

that a zero shift (which lies inside the suggested limits of

uncertainty) has caused a serious displacement of the moment

curve ét the lowest Reynolds number. Otherwise the data

appear gratifyingly good. The increase of moment coefficient
CONFIDENT IAL
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with angle, like that of 1ift, departs from linearity above
6°., The slope of the moment. curve agrees well with theory
throughout the range of Reyriolds numbers investlgated, and

is not subject to scale effect.
Wings

Comparable theorye-~Experimental Tresults can, in the case

of the straight wing, e compared With va ues predicted by
theory if. the effect ‘of taper is neglected. In the case of
the sWeptback wing,ﬁon-the~other.hand, 1t will be scen -that
existingntheory'is not applicable, T
The_aerodynamic'oharacteristics.of_the straight wing are,.
except for_the_effebtsﬂbf teper. and tinitejspansipredicted bypp
two—dimensional.supersonic'airfoil theoryQ : Here:the solution
was obtained by the;method of-successivehobliqne shock waves

angd.: isentropic expansions, which is presented in convenient

form in_reference ‘8, For the particular airfoil gection employed

this ushock—expansion" method;represents, in fact, the exact
inviseid solutinn for cnndlitiong on the'airfoil'surface.
The theory fails if the flow changes to'subsonic-behind the
oblique shock wave at the leading edgo, but the angle;of..

&tteck at which this occurs was not attained in the present

investigation.”d'l .

The effects of taper. cannat be,accounted “for theoretically,
tut are probably vnry smslla The effects of finite- span can,
_however, be accounted Tor:. approximately. " Llneas theoryﬂ
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indicates that at supersonic speeds the effects are confined
golely to the triangular portions »f the wing intercepted by
the Mach cones springing from the front of each wing tip.
Busemann has investigated the case of a rectdangular flat
plate (reférence 9) and found that to first order the 1ift
within the tip reglons 1is half what it would be in the
absence of any effect. This result for the rectangular flat
plate was assumed to apply approximately to the present
tapered wing of S-percent-thick section. The theoretical
section characteristics were modified accordingly. That 1is,
the section coefficients were modified by the factors which
would apply to an’ equivalent rectangular flat plate, The
equivalent rectangular plan form was chosen so that the

Yach cones springing from the wing tips intercept the same .
percentége of total area as on the actual tapered plan form.
This procedure yilelds what is. believed to be the best
prediction obtainsble from existing theory. - It is this theory
that will be employed in the discussion unless otherwise
noted.

For the sweptback wing no such refined theoretical
treatment has been developed. The first-order theory for a
constant-chord sweptback wing of infinite span (reference 10)
applies in the present case for o-nly a short distance behind
the leading edge. Furthermore, in attempting to use the
simple theory only within thie region, it is found that the
bow wave will always be detached from the present airfoil
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section, and consequently the theor&-is never applicable, .The
reason. for the. detachment is-that near the leading edge to a
first approximatioe only the normal component of veloeity.is
effective, . and the corresponding Mach .number 1is less thah 1.16.
Then' the bow wave wiil-theofeticaily”détaoh-whenever thé'angle
through whlch the flow is compressed at.the leading edge exceeds
2,89, .Since the leading—edge angle ‘of the sweptback wing is
greater.than twice thiS'value,;detaehment will always occur,
Detachment was observed.eXperimentally‘with the,schiieren |
.apparatus for an anéle of compression at the leading,edge of
only-3°,.. In view of these objections, n» comparison with theory
is made -in the. case of the sweptback wing., _

Lift,— Lift characteristice of the stratght and sweptback
wings are prescnted in figure 15. Varlation of 1ift cqeffi-
= glent with .angle of attack is shown; together with theory in
the case of the straight wing, ;

On the-whole, 11ift resulfs are qualitatively similar to
what would be antliclpated from theory. Lift coefficlent
increases at first almost iinearly with angle of attack, and
gltghtly more rapldly at high angles. Angle of zero 1ift
varies only slightly with Reynolds number for both.wings, as
shown in figure 16. Its value in the case.of the straight
“wings- exceeds by 3° that predicted from thenry, The same shift
weasg: observed by Ferri for a two-dlmensional airfoil of glmilar
'.sectionutested_at comparable valucs of. ifach and Reynolds
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number (reference 1l). Ferri obtained pressure-distribution
measurements on other profiles which indicate that the shift
can te-attributed to flow separation on the low-pressure
surface near the trailing edge.:

Figure 16 shows that experimental values of lift-curve
slope depend upon Reynolds number for both wings. Slopes
are seen to increase with Reynolds number up to one-half
million, probably as & result of rearward movement of the
separation point. Beyond this value of Reynolds number,
lift-curve sloves of both wings are independent of scale up
to the 1limit of the investigation. For the straight wing,
the constant value, though less than the theoretical section
value, is almost Y percent greater thar the theoretical value
for finite spari. This discresancy can probably be attributed
to the influeérice of the. fitting which supports the wing.
It will be:rshown later when Giscussing wing-body interaction
that, at supersonic speeds, lifting pressures.carry over from
a wing onto a body for some distance downstream from the
trailing edge. The projected area »f the support fitting
is 7 percent of the wing area, go that only & partial carry-
over of 1ift would account for the L-percent excess.

- Angular deflection of the wings under aerodynamic load.
1s & complicating.-factor. : In the case of the atraight wing
1t causés ha difficulty since the wing merely becomes slightly
bowed, with every spanwise section remgining at .the same
angle of attack. The sweptback wing; om the -other hand,
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twists undér load so that the angle of attack decreases
progressively along the span; In the present lnvestigation,
measurements showed thﬁt the decrease amounted to as much as
19 at the tips of the sweptback wing.-_For this reasnn the
actusl angle.df attack of the whole wing might be considered
indeterminate, so that the frue characteristics of the wing
would be obscured by fwist, From another point of vilew,
however, the angular déflection ls more apparent than rcal,
The argusient depends upon the simple\theory of sweepback
(reference 10) which, desplte the objcctions previously
advanéed,'may perhaps apply'to the present wing in a general
WaY . Consider hﬁwla sweptback wing deflecfs elastically under
load. Tt is adpparent that the angle qg_atteck_qf_streaﬁwise_
sections will decreése from the rogt to the tip. The angle
of attcck meaéuréd normal to the leading edge will remain,
however, nearly constant along the span. It _1s this 1atter
angle which, according to simple éweep—back theory, deter-
mines the aerodynémic characteristics. Thus, according to
this theory, the characteristics of the sweptback wing will
not be affected by twist, That this latter reasoning may be
the more nearly correct is bo?ne out by figure 16 which shows
the effect »f scalé uéon.the lift-curve slope of the swept-—
back wing. From a Reynolds numberlof'one~half million up to
the 1imit of the investigation the wing loading, and hence
the angle of tip deflection,'increases severel fold. Lift-
curve slope, howéver;-reméins unchangcd. |
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Drag.— Drag characteristics of -tHe straight and swedtbach

wings are presented in Tigure 17. Theoretical wave drag 1s
also shown for the straight wing.

For bota winés, drag coefficients are independent of
Reynolds number above one-half million. Thus in figures
17(a) and 17(b) the test points for the three hishest values
of Reynolds number define a single curve. In ordcr to make
this clearer in the case of the streight wlng, these polints
have been renlotted separately from those for the two lower
Reynolds numbers, as shown in the upper half of figure 17(a).
pelow one-half-million Reynolds number, the drag ralls
progressively as the scale increases, probably as a rcsult of
the decrease in skin fricticn which accompanies increasing
Reynolds numbcr. Tnls Gecreasc apperently more than offsetbs
the rise in pressure drag which would be expected to reosult
from the roarward movenent of the separation point previously
“indicated in the Giscussion of 1ift-curve slope.

Scale offect upon minlmum érag is typlecel qualitatively
of that at any angle of attack. Figure 18 shows the, variation
-of mininun drag cocfflcicnt with Reynoldés number for both
wings. Also shown for the straight wing are the theoretlical
valucs of drag obtained by adding low—speoed values of laminar
and turbulent skin frictlion to tﬂu theorctical wave drag. The
agrecment botween expcrlmont'and thc,thcory including laminar
friction is romarkable,  ~On-the other hand, agrcecment wlth the
theory including turbulent friction is poor -"Thus it socms

likely that within the ~.c::x,nfa';s'.c.z-:. number Lgngo of these tcsts
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the boundary layer is predominantly laminar over at least the
gtraight wing. 3 ) | _ ' e

At higher angles of attack, figure 17(a) shows that the
agreémeht is less perfect between theoretical and experimental
values of drag for the_straight wing. Beyond'about O the
measured drag at the higher Reynolds numbers is lower than the
theoretlical wave drag, even waen siin friction is neglected.-
Thls behavior is in accord with Ferrli's findings for an alr-
fbil of similar section. (See reference 11.)

It has been seen that both the 1ift and drag character—
istice of the two wings are independent of scale above one-
half million Reynolds number., Consequently the curves of
_figﬁre 19 showlng drag coefflcient as a functlion of 1ift coef-—
ficient likewlse sxnibit no scale effect beyond this value.

Curves of drag cuefficlent and lift-drag ratlo as a
function of 1lift coeffilcient are compared for the stralght and
sweptback wings in figure 20 for the renge of Reynolds numbers
'ih'which scale.effect 1s gbsent. The sweptback wing is seen
to be éuperior to the straight wing in that it displeys approxi-
ﬁately 10 percent lower drag and correspondingly higher 1ift-
drag ratio at any value of 1ift coéfficient throughout the
range investigated. It must be emphasized that thlis comparison
ié presented simply as a matter of interest. It was not the
purpose of this investigation to compare the relative merits of
swept and unswept plan forms. - Conscquently no attempt was made
in designing the models to choose an optimum amount of sweep

back; very probably some other angle would have proved more
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favorsble. In any event, it is not to be expected thet the
selectlon of the best sweepback angle for a glyen lach number
can be diverced from the choige of airfoll scetion.

ritchlng monent.— Pitchlng~moment noasurcments for the

wings were severely restrictzd by the balance defect
mentioncq previouslyland, being smnall, are likcwlsec subject
to considorable experinental scatter. The limited reliable
data are prescnted in figurec él for the stra;ghtiand
sweptback wings. -

Wiuhln the 1imits of c: pprlmontﬂl uncertainty, .moment
coo:ficicnus.for"the-straight wing sppear to agroc with
theory. The slopg. of moment vorsus angle of autack is,
houevcr, dofinit013 at vurlancc with the' tncowculcal _
p%ediction having; in fect the opposi*C sign._ AS 1n the '
casc of 1lft—curvo slono, the aisggLeomont Drobube "csults
from tbc in¢1u0n00 ‘of the fiutinb, vhich sunjorts thcr.lngo~r
LifE carricd over onto the fitting,-whlch projccts behind the
trailing édge; would tond to make the_dbservcd:siopg?pf_tho*'
noment ‘curve negative, as it is in figurc Ei(é)“ It was not
considered IcasibTO,.hOUOVﬁr, ?Q "ttumnt to co""ect the -
results forlfﬁis d*stu*bancc. . _ o

rigure Z}Lb)lghows that the Ditqhing—mbmcht dbgificiﬁnts :
for the sweﬁfbac& wing; ﬁcfer“od $0 the controid of the.plan '
form, are siﬁiiar to thosc for tho.straight wing. The slope
of the momént‘curvp,is; however; selizhtly Tess negative.

The fitting ﬁrobap}x cxerts a shéllcpﬁinfludﬁce in thls case
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because it is closer to the moment axis, Hence the true values
of moment coefficlent may be virtually identical for the
straight and sweptback wings at all angles of attack, In any
event the values are small, so thét the center‘of pressure lles
nearly at the center of area for both wings. No scale effect
upon the pitching-moment characteristics of either wing can be

discerned.
Wing~Body Combinations and Interzction

The aerodjnamic characteristics of the eight wing-body
cnmbinations are of interest chiefly in determining the
effects of interactlion. Accordingly, the 1ift and drag of the
combinations wlll not be discussed separately but only in
cnmparigon with the.characteristicé of . the sgeparate components.

Lift interactlon.- Wiaen the investigation was undertaken

1t was anticipated that the'portion of wing area blanketed

Ey a body might prove 2nly partially effective in the production

of 1ift. The extent of 1lts effectiveness was, of course, to

be evaluated by comparing the sum of the 1lifts of the separate

wings and bodles with the 1ift of each resultant combination.
This comparison is made in figure 22. Variatlon of 1ift

coefficlent with angle of attack 1s shown by a solid line

for each combination of a wing plan form through a body.

In cases where the plan form was also tested outside the body

(using the divided wing), the result is shown on the same

graph by a broken line, For comparison, a dashed line shows
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the sum obtained by adding the meésured 1ifts of the
separate wing and body.- All coefficients_have been-réferred
to & common reference .area, that of the wing plan forms.

It is atv 2nce evident that the lift-curve'glope for a
combination comprising a plan Torm ﬁounted through a body
ig practically identical in every case with tﬁe,sum of %the
slopes for the component wing and body? Thie observation
eapnlies to either the strailght or sweptback ﬁlag form
together wlith any one of the three different bodies.
Furthermore, it is valid throughout the entire range of
Réynolis nunbers investigated. Tae éccuracy of this:result
is emphasized by the data shovn in figures 22(2) and -22(c)
for the combinati-n of -the plaﬂ Torm mbunted_outaide.
(rether than through) the bs4dy. The lift-curve slope-of this
alﬁernative combination .is much greater than the total for
its components. Thus at 1.57 lfach number the effect of inter.-
actlon is such tha®v in estimating the 1ift of & combination
from the characteristicg of ite components, the portion »f
wing area blanketed by the bddy-shouid be considered -
oomi;letely_effective° |

The mechanism by which-1ift i1s carried over across the
body wouid Bé clarified by pressure—distributi?n measurements,.
Certain German results have redently become avallable which’
to some éifent explain thils matter. ﬁeferenqe 12 opresents
measurements throuzgh a broad speed renge of the 1ift distri-
butions over a simple body ofirevalution and a missile
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comprising nearly the same body plus a’wing."Coﬁsideration

of the dlstributlion of normal force shows that the result of
adding a wing 1is distinotly'differeﬁt at subsonic and supersonic
speeds. At subsonic speeds édditional 1ift acts upon the portion
of -the body directly betweén'the two halves of the wing. At
supersonlc speeds, however, additional 1lifting pressures act

on the body for a considefdﬁie distance downstream of the wing.
It sppears reasonable to suggest that the 1ift carried over

onto the body 1s .shifted downstream roughly within an area
defined by the Mach cones springing from the leading and
traiiiﬁg edges of the wing root. Thus the conclusion reached.

in the present investigation - that the blanketed portisn of

wing is completely effective in producing lift - 1s probably
correct only When the wing 1is located well ahead of the base

»f the body; Otherwise corisiderable 1lift may be lost. In the
case of a tall surface, for exéample, the 1lifting pressures

.which would otherwlse aot'downétream will Alsappesar. The_portion
of the lifting surface blanketed by the body will fhén be only
partially effective in producing lifto-

Hention must be made 4f anﬁthef probable restriction.
Consilderation of the. 1imiting cade of vanishingly small ﬁing
 gpan makes it obﬁious that the rulé becomes invalid when the
wing span is shoft comnpered with.the body diameter, The exact
limlt cannot, of course, be determined from the results of
this 1nvestigation. It is likely that the rule will spply for
rating of wing span to body diameter considerably smaller than
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those emplnyed here. , . C T

Experimental angles of zero 11ft for the combinations
are several tenths of a degreelless than those obtained
from the componeﬁt results, except when the bulbous body - *
ié-involved. It waé bre#iously noted that the experimental
zero-1ift asngle for the straight wing alone exceeds theory
by approximately the same amount, and the difference was
attributéd %2 separation.  This suggests. that the presence
nf the body-inhibits flow-separation over the wing, exocept
when the bulbous body is eqployed.

Drag interaction.— %Yhen a wing is mounted through a'body,

blanketing of the midsection of the wing will tend to reduce
the drag of the c-ombination because the:exposed area 1s less,
on the'ofhef haﬁd, it i1s knownthat nutuel inferference of wing
and body usually tends to increase the drag. Depen&ing upon
which of these efTects predominates, the net drdg of the =~ |
corbination will be eifher greater or less than The -sum of
the drags of its components,

A comparison is made in figure 23, -in. thé same manner
as 1n the case of 1ift, between the fore-drag coefficients
of the varidus'wingvbody combinations and the sums of
the drags of the sepsrate wings and bodies, -Fore drag is
cohsidered,'fﬁther than total drag, so that the crmparison
will not be complicated by the possible effects of support

interference upon base pressure.
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Inspection of figure 23 leads to the conclusion -that, ln_.
general, the drag of the combination comorising the wing plan‘
form mounted through the body is equal to the sum of the drags
of 1lts components., The accuracy of‘this_conclusion is not so
great as in the .case of 1irft, The agfeenent ls generally poor
at the lowest values of Reynolds number, A% higher Reynolds
numbers a systematic. variation with boly sheape is evident.

For combinatlohns’ involving the basic body (figs. 23(a) ‘and 23(b))
the drag i1s ordinarily slightly gresater than the sum for the
separate wing and body. When the blunt body is involved

_ (figs. 23(c) and 23(4)) the two values -are ossentially equal,
:whlle with the bulbous body (figs;QB.e),and 23(f)) the drag
~of the combinatlion 1s slightly smallor than the sum for ite
components. Figures 23(a) and -2%(c) show, howover, that the
agreemen% lg always muoh.better than 1t 1s fof the alternative
combination of the plan forﬁ:mountod eritirely outéide the body.
Honoo'it appeaps_that for ell-practical purposes the drag
decrease effected by blanketing-a-portion of the wing 1is

_ oounterbalanoed-by the incrcasc resulting from intoraction.

| The physical reason for this rulc is not so apparcnt as
in the casc of 1iff%, and no'prossure—distribution measurcments
-are availablo-to.clariff the mechanism 1nvolved.: It 1s again
eﬁident,“howevep, that the rule bccomes invalld whon the wing
epaﬂlis short in_compariéon with the body dlameter. The rule

t

may also fall when the lifting surface is neay thé recar of the
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body, &s-with . a tail plane. a ': - Lo s
"nile this comparison has been confined tno fore’ drag,

vhich is believed to be relauively free of suooort inter— *

ference, exactly The same conclugions: spolv to total drag

This is demonstrated in figure 24 for only one typical case,. -

the straight wing plan fornm nounueﬂ tnrough the blunt body.-

Loment interaction.— Mo reliable data were obtained
relating to the effect of interactinon upon piltching-moment
characteristics, 1In discuseing 1ift interaction, it was
noted that. for a csmbination the.lift which is'carried over ",
from the wing onto the bdﬂy is disolaced downstream *The "
moment of a body is negligible compared with that of & ..
.w1ng, so ‘that it secems likely that the center of' pressure

for a combination would lie behind ,that .of the wing alone. -

Applicability of Results

The conclusions deduced from this investigation regerding
the aerodynamic characteristics of wings and bedies, the .-
effects of scaie, and_the éffects of interaction upon the
1ift and drag of combinations at. sugersinic epeeds are-
gtrictly applicable only at lach numbersclose to the test'
vélue of 1. 53. It 1is lsgical to. assune, however, ‘thet these
results: apply: at least approximetely for other supersﬁnic
Mach*numbers_neither very large noravcry_close T2 unity.'
Further investigation ig required %n. show to what extent
changes in Mach number affect -glther the generality of the
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conclusions or the restrictions to their appliéabllity which
have been suggested. '

It is evident that even an approximate theoretical solu-—
tioﬁ for supersonlc flow over some.simplo cdmbinationwof plano
1lifting surface and body of revolution would be welcomed by

the practical serodynemicist.
CONCLUSIONS

lThe following cdonclusions Wcré deduced from tests at
1.53 ilach number of several supcrsonlic wings, bodics of
revolution, and resulting combinations:

ls Up to the highest Reynolds numbcrs reached in the
investigation, aerodynamic charactecristics of the straight and
sweptback wings are indopendent of scale above a Reynolds
number of one-half nillion. Beyond that value, the charactor-—
istics;of the straight wing, éxccpt for_angle of zero 1ift and
drag at high angles of attack, are closecly predictod by
cxlsting theory. |

2. Acrodynamic characterisgtics of the two sharp~nosé
bodics of rcvolution appecar to be nearly independent of scalec
betwecen Roynolds numbers of three or four millions and the
highest values rcached in thec test. Beyond those values,
their characteristlcs, cxcept for drag at high angles of
attack, are predicted ‘reasonably well by existing linear
theory up to anglcs of attack of 6°, .The blunt body continues
to show scale cffect up to the limlt of this investigation.
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%, In estimating liftfggglgrgg:of a wing-body comblna«
tion from the characteristice of 1ts components, the portion
of wing ares blanketed by the bady should be con31dcrcd
completely effective acrodynamically. This rulc probably
fails 1f tho wing is close'to tho base of tho body, or if
the wiﬁé sbﬁnkis small pomparoa‘with the body diameter.
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Figure 2.-
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Schematic diagram of the electric strain gage balance.
CONFIDENTIAL



NACA RM No. ABK22 Fig. 3

CONFIDENTIAL .
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Figure 6.- Typical models mounted on straih-gage balance in test
section of Ames 1- by 3~foot supersonic wind tunnel No. 1.
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(b) Combination of bulbous body and straight wing, a = 0°.

Figure 7.~ Typical schlieren photographs at a tunnel pressure of
18 pounds per square inch.
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